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(54) Ferrous alloy with Fe-AI diffusion layer and method of making the same 

(57) A ferrous alloy is formed with a Fe-Cr stainless 
steel having a Vickers hardness of 400 or more as a 
substrate and a Fe-AI diffusion layer having a thickness 
of 2 to 50 |im. The diffusion layer contains at least 90 
vol% of an intermetallic compound of Al and Fe relative 
to a total volume of the diffusion layer. The Al content 
included within a depth of at least 2 nm of the diffusion 
layer is 35 to 65 % by weight based upon total weight of 
a region of the diffusion layer ranging up to the thick- 
ness of at least 2 ^m. It is preferred to use as the sub- 
strate a precipitation-hardening stainless steel 
comprising 66 to 81 .9 wt% of Fe, 1 5 to 20 wt% of Cr, 3 
to 13 wt% of Ni, and one element selected from 3 to 6 
wt% of Cu, 0.5 to 2 wt% of Al, and 0.01 to 0.2 wt% of a 
total of C and N, or a high carbon stainless steel com- 
prising 73 to 89.9 wt% of Fe, 10 to 19 wt% of Cr, 0.1 to 
1.2 wt% of C, and less than 3 wt% of Ni. The ferrous 
alloy may be used for sliding parts such as gears or 
bearings, and blades of electric shavers or hair clippers. 
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Description 
TECHNICAL FIELD 

5 The present invention relates to a ferrous alloy formed with an Fe-Cr stainless steel as a substrate and an Fe-AI 
diffusion layer of improved hardness, which may be used for sliding parts such as gears and bearings or blades of elec- 
tric shavers or hair clippers, and a method of making the ferrous alloy. 

BACKGROUND ART 

10 

In the past, carbon tool steels, high carbon stainless steels, and precipitation-hardening stainless steels have been 
used for sliding parts such as gears and bearings or cutting tools. Those steels exhibit excellent mechanical toughness 
and shockproof , although, the surface hardness and wear resistance of the steels are not always enough to provide the 
sliding parts or cutting tools having an extended service life. To improve this problem, it is proposed to use ceramic 

75 materials such as aluminum oxide (Al 2 0 3 ) or zirconium oxide (Zr0 2 ) of excellent hardness and wear resistance. How- 
ever, there is another problem that the mechanical toughness of the ceramic materials is much lower than that of the 
steels. In addition, it is not easy to machine the ceramic materials to various shapes of the sliding parts or cutting tools. 
Therefore, it is desired to develop a material having improved hardness and wear resistance, while keeping the 
mechanical strength and toughness of the steels. 

20 For example, Japanese Patent Early Publication [KOKAI] No. 4-250995 teaches a blade material for electric shav- 
ers and a method of making the same. The blade material comprises a substrate such as a high hardness and non- 
magnetic stainless steel, Fe-Mn alloy or Be-Cu alloy, an intermetallic compound layer of Al and metal elements 
contained in the substrate, e.g., Ni and Fe, and an Al 2 0 3 layer on the intermetallic compound layer. The blade material 
can be made by the steps of cladding Ni and Al foils to the substrate such that the Ni foil is positioned between the sub- 

25 strate and Al foil, heating the cladded substrate in vacuum or oxidation atmosphere to form an intermetallic compound 
layer of NiAl and/or Ni 3 AI and the Al 2 0 3 layer. When the heat-treatment is performed in vacuum, the cladded substrate 
is heated at a temperature of 400°C to 650°C for 1 to 20 minutes. When the heat-treatment is performed in the oxidation 
atmosphere, the cladded substrate is heated at a temperature of 600°C to 1000°C for 5 to 20 hours. However, since the 
diffusion rate of Ni atoms into the substrate is much slower than that of Al atoms into the substrate, and also Ni atoms 

30 prevent the diffusion of Al atoms into the substrate, there is a problem that the adhesion between the substrate and 
intermetallic compound layer is not enough. 

UK Patent No. 1 278085 teaches an aluminum diffusion-coated steel having sulphidation resisting properties in an 
atmosphere of high temperature and pressure. The coated steel comprises a steel having a surface layer formed by an 
aluminum diffusion-coating method. The method is characterized by a heat-treatment at a temperature of 800 to 950 

35 °C. The surface layer consists of aluminum alloy, and has a thickness not exceeding 300 um. The Al content of the sur- 
face region of the surface layer is less than 30 wt%. For example, the substrate is an alloy steel containing carbon not 
exceeding 0.5 wt% and at least one element selected from Mo in the amount of 0.1 to 1.2 wt%, Cr not exceeding 10 
wt% and Ni not exceeding 4.5 wt%. For the aluminum diffusion-coating method, a powder pack method, gas method, 
ceramic adsorption method or hot-dip and diffusing method is applicable. However, since the Al content of the surface 

40 layer is less than 30 wt%, it is difficult to form hard Al-Fe intermetallic compounds such as AI 3 Fe, AI 13 Fe 4 or AI 5 Fe 2 in 
the surface layer. As a result, the surface layer would be not sufficient to provide high hardness and wear resistance. 

To improve the surface hardness and wear resistance of a steel, the present invention provides a ferrous alloy com- 
prising an Fe-Cr stainless steel as a substrate and an Fe-AI diffusion layer on the substrate, and a method of making 
the same. The stainless steel has a Vickers hardness of 400 or more. The diffusion layer is characterized in that: 

45 

(1) a thickness of the diffusion layer is in the range of 2 to 50 um; 

(2) the diffusion layer contains at least 90 vol% of an intermetallic compound of Al and Fe relative to a total volume 
of the diffusion layer; 

(3) Al content included within a depth of at least 2 um of the diffusion layer is 35 to 65 % by weight based upon total 
so weight of a region of the diffusion layer ranging up to the thickness of at least 2 um. 

Therefore, it is a primary object of the present invention to provide a ferrous alloy comprising an Fe-Cr stainless 
steel as a substrate and an Fe-AI diffusion layer on the substrate, which provides improved hardness and wear resist- 
ance while keeping the mechanical strength and toughness of the substrate. 
55 It is preferred that the intermetallic compound in the diffusion layer contains at least one selected from the group 
consisting of AI 2 Fe, AI 5 Fe2, AI 3 Fe and AI 13 Fe 4 . In particular, it is preferred that the diffusion layer includes the interme- 
tallic compound at such an amount that the diffusion layer exhibits at least 10 % of a peak ratio which is defined by 
100 x P1 / (P1 + P2) where P1 is a main peak height for the intermetallic compound and P2 is a main peak height for 
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AlFe and AIFe3- The P1 and P2 can be observed from an X-ray diffraction profile obtained through an X-ray diffraction 
at the outer surface of the diffusion layer. 

It is preferred to use as the substrate a precipitation-hardening stainless steel comprising 66 to 81 .9 wt% of Fe, 15 
to 20 wt% of Cr, 3 to 1 3 wt% of Ni, and one element selected from 3 to 6 wt% of Cu, 0.5 to 2 wt% of AJ , and 0. 01 to 0.2 

5 wt% of a total of C and N, or a high carbon stainless steel comprising of 73 to 89.9 wt% of Fe, 10 to 19 wt% of Cr, 0.1 
to 1.2 wt% of C, and less than 3 wt% of Ni. 

In case of using as the substrate the precipitation-hardening stainless steel, the ferrous alloy of the present inven- 
tion can be made by the following method. That is. an Al layer is formed on a surface of the substrate to provide an Al- 
coated substrate. The Al-coated substrate is heated at a temperature of 450 to 600 °C for 0.5 to 4 hours, to thereby give 

10 a Vickers hardness of 400 or more to the substrate, and at the same time mutually diffuse Al atoms and Fe atoms 
respectively into the substrate and the Al layer in such a manner as to form the Fe-AI diffusion layer in the surface of the 
coated substrate. 

On the other hand, in case of using as the substrate the high carbon stainless steel, the ferrous alloy of the present 
invention can be made by the following method. That is, an Al layer is formed on a surface of the substrate to provide 
75 an Al-coated substrate. The Al-coated substrate is heated at a temperature of 900 to 1 100°C for 15 to 180 seconds, to 
thereby mutually diffuse Al atoms and Fe atoms respectively into the substrate and the Al layer in such a manner as to 
form the Fe-AI diffusion layer in the surface of the coated substrate. Then, the coated substrate is cooled from the heat- 
treatment temperature at a cooling rate of 10 °C/sec or more to give a Vickers hardness of 400 or more to the substrate. 
Other features, advantages and effects of the present invention will become apparent by the detailed explanation 
20 below with the attached drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a SEM photograph of a cross section of a ferrous alloy of the present invention, with EPMA (Electron 
25 Probe Micro Analysis) profiles of AJ, Fe and Cr; 

FIG. 2 is an explanation sketch of the EPMA profiles of FIG. 1 ; 

FIG. 3 is curves showing the variations of Al and Cr contents in the depth from the outer surface of a diffusion layer 
of the ferrous alloy; 

FIG. 4 is a curve showing the variation of Vickers hardness in the depth from the outer surface of the diffusion layer; 
30 FIG. 5 is an X-ray diffraction profile obtained through an X-ray diffraction at the outer surface of the diffusion layer; 
FIG. 6 is a curve showing the relation between the surface hardness (vertical axis) of the diffusion layer and the Al 
content (horizontal axis) included within the depth of about 2 jim from the outer surface of the diffusion layer; and 
FIG. 7 is a curve showing the relation between the surface hardness (vertical axis) of the diffusion layer and the 
peak ratio (horizontal axis) of Fe-AI intermetallic compounds. 

35 

DETAILED DESCRIPTION OF THE INVENTION 

A ferrous alloy of the present invention comprises a substrate of an Fe-Cr stainless steel and an Fe-AI diffusion 
layer on the substrate. 

40 The substrate has a Vickers hardness of 400 or more. In particular, when the present ferrous alloy is used for 
blades of cutting tools such as electric shavers or hair clippers, it is preferred to use as the substrate a precipitation- 
hardening stainless steel comprising 66 to 81.9 wt% of Fe, 15 to 20 wt% of Cr, 3 to 13 wt% of Ni, and one element 
selected from 3 to 6 wt% of Cu, 0.5 to 2 wt% of Al, and 0.01 to 0.2 wt% of a total of C and N, or a high carbon stainless 
steel comprising of 73 to 89.9 wt% of Fe, 10 to 19 wt% Cr, 0.1 to 1 .2 wt% of C, and less than 3 wt% of Ni. 

45 The Fe-AI diffusion layer has a thickness in the range of 2 to 50 jirri. When the thickness is less than 2 jim, it is insuf- 
f icienf to give an improved wear resistance to the ferrous alloy. When the thickness is more than 50 \im $ there causes 
problems that the surface hardness of the diffusion layer is lowered, the hardness of the substrate adjacent to the dif- 
fusion layer is lowered, or the mechanical toughness of the diffusion layer is deteriorated. In particular, when the ferrous 
alloy is used for a Wade having a sharp edge, it is preferred that the diffusion layer has a thickness of 5 to 15 urn to pre- 

so vent the occurrence of micro-chippings at the shape edge. 

The Al content included within a depth of at least 2 urn of the diffusion layer is 35 to 65 % by weight based upon 
total weight of a region of the diffusion layer ranging up to the thickness of at least 2 urn. When the Al content is less 
than 35 wt%, it is not enough to give improved hardness and wear resistance to the outer surface of the diffusion layer. 
When the Al content is more than 65 wt%, a pure Al pool and/or Fe-AI solid solution of a poor hardness is formed in the 

55 diffusion layer. 

For example, a SEM photograph of a cross section of a diffusion layer having the thickness of about 10 ^im is shown 
in FIG. 1 . In addition, EPMA (Electron Probe Micro Analysis) profiles of Al, Fe and Cr, which were analyzed along a hor- 
izontal line on the SEM photograph, are shown in FIG. 2. The point D 0 corresponds to the outer surface of the diffusion 
layer. The EPMA profile of Al designated by the numeral 21 shows that the diffusion layer has a surface region with a 
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high concentration of AI, and the Al concentration in the diffusion layer gradually decreases from the surface region 
toward the depth of about 10 pm. On the other hand, the EPMA profiles of Fe and Cr are designated by the numerals 
22 and 23, respectively. The Fe and Cr concentrations gradually increase from the outer surface of the diffusion layer 
toward the depth of about 1 0 \im. The numeral 24 designates a Ni coating formed on the diffusion layer to take the SEM 
5 photograph. 

FIG. 3 shows the variations of the Al and Cr contents in the depth from the outer surface of the diffusion layer, which 
were quantitatively analyzed by means of an X-ray micro analysis. The curve of the Al content shows that the Al content 
included within a depth of about 2 jim from the outer surface of the diffusion layer is in the range of 45 to 60 % by weight 
based upon total weight of a region of the diffusion layer ranging up to the thickness of about 2 jim. Since the Al content 
10 of 60 wt% corresponds to about 76 atom%, it could be presumed that AI 3 Fe is formed in the outer surface of the diffu- 
sion layer. 

The variation of Vickers hardness in the depth from the outer surface of the diffusion layer is shown in, FIG. 4. The 
hardness was measured under the load of 2 gf . From the curve of FIG. 4, it is readily understood that the high hardness 
(Hv) of about 1 140 is stably obtained over the range of the diffusion layer from the outer surface to the depth of about 

15 6 urn. This range of the diffusion layer substantially corresponds to the range of the Al content of 35 to 60 wt%, as 
shown in FIG. 3. The hardness gradually decreases from the range toward the depth of about 10 *im, and finally 
reaches about 500 of the substrate hardness. 

The diffusion layer can be identified by an X-ray diffraction. For example, an X-ray diffraction profile of the diffusion 
layer is shown in FIG. 5. This X-ray profile was taken by using an X-ray diffraction apparatus with conventional Cu-ka 

20 X-ray source and 28-0 goniometer at accelerating voltage and current of 40 kV and 200mA The X ray was irradiated to 
the outer surface of the diffusion layer. The X-ray profile shows that the diffusion layer contains a plurality of intermetallic 
compounds of Fe and Al. Since the peaks of Al 3 Fe overlap with the peaks of Ali 3 Fe 4 and AI 5 Fe2, they can not be sep- 
arately identified. Therefore, it could be understood that the peaks designated by the symbol O in the X-ray profile of 
FIG. 5 mean the presence of at least one selected from the group consisting of AI 13 Fe 4 , AI 5 Fe 2 , and AI 3 Fe. In addition, 

25 some peaks of AI 2 Fe designated by the symbol X in the X-ray profile overlap with the peaks of the intermetallic com- 
pound designated by the symbol O . On the other hand, the peaks of AlFe designated by the symbol a overlap with 
the peaks of AIFe 3 designated by the symbol □. As a result, it could be concluded that the diffusion layer of this X-ray 
profile contains AI 2 Fe, AIFe 3 and at least one of A^Fe^ AI 3 Fe and AI 13 Fe 4 . In addition, since the surface region with a 
high concentration of Al is formed in the vicinity of the outer surface of the diffusion layer, as shown in FIG. 2, and a high 

30 Vickers hardness is measured at the surface region of the diffusion layer, as shown in FIG. 4, It could be presumed that 
there is a relatively large amount of Al-rich and hard intermetallic compounds such as AI 13 Fe 4 , AI 3 Fe and AI 5 Fe 2 , in the 
vicinity of the outer surface of the diffusion layer. 

In the present invention, the diffusion layer contains at least 90 vol% of an intermetallic compound of Al and Fe rel- 
ative to a total volume of the diffusion layer. The volume ratio (V: vol%) can be determined by the following equation: 

35 

V(vor%) = 100xS1/(S1+S2) 

where S1 is a total of the peak-areas of all Al-Fe intermetallic compounds identified on an X-ray diffraction profile, and 
S2 is a total of the peak-areas of pure Al, and/or an Al alloy in which Fe mainly forms a solid solution with Al, except for 

40 the Al-Fe intermetallic compounds on the X-ray profile. When the volume ratio is less than 90 vor%, the hardness of the 
diffusion layer is lowered because of the pure Al and the Al alloy remained in the diffusion layer. For example, the peaks 
of pure Al and the Al alloy are not identified on the X-ray profile of FIG. 5, therefore, the volume ratio of the Al-Fe inter- 
metallic compound in the diffusion layer is 100 vd%. 

By the Way, the X-ray profile of FIG. 5 does not show any peak of the substrate. However, as the thickness of the 

45 diffusion layer is thinner, some peaks of the substrate may appear. On the other hand, when the Al content at the outer 
surface of the diffusion layer is more than 65 wt%, some peaks of pure Al may be identified. In addition, it should be 
noted that no peak of Al 2 0 3 is identified in the X-ray profile. In other words, any Al 2 0 3 layer is not formed in the outer 
surface of the diffusion layer of the present invention. Moreover, the diffusion layer contains a small amount of Cr, as 
shown in FIG. 3. However, any intermetallic compound of Al and Cr is not identified in the X-ray profile of FIG. 5. Even 

so if a small amount of Al-Cr intermetallic compound is formed in the diffusion layer, there is no problem because the hard- 
ness of the diffusion layer is not lowered. 

The diffusion layer of the present invention preferably includes the Al-rich intermetallic compound at such an 
amount that the diffusion layer exhibits at least 10 % of a peak ratio (P %) which is defined by the following equation: 

55 P(%) = 100xP1 /(P1 +P2) 

where P1 is a main peak height for the Al-rich intermetallic compound of at least one selected from the group consisting 
of Al 13 Fe 4 , AI 5 Fe 2 , AI 3 Fe, and Al 2 Fe, and P2 is a main peak height for AlFe and AIFe 3 . The P1 and P2 can be observed 
from an X-ray diffraction profile obtained through an X-ray diffraction at the outer surface of the diffusion layer. In the X- 
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ray profile of FIG. 5, the peak ratio can be determined according to the main peak height P1 observed at about 43.3° 
and the main peak height P2 observed at about 43.7°. The peak ratio is about 90 %. 

Next, methods of making the ferrous alloy of the present invention are introduced. In case of using as the substrate 
the precipitation-hardening stainless steel, the ferrous alloy is made by the following method. That is, an Al layer is 

5 formed on a surface of the substrate to provide an Al-coated substrate. The Al layer may be formed by means of hot 
dipping, electro-plating, vacuum deposition, cladding, or sandwich rolling. The Al-coated substrate is heated at a tem- 
perature of 450 to 600 °C for a keeping time of 0.5 to 4 hours, to thereby mutually diffuse Al atoms and Fe atoms respec- 
tively into the substrate and the Al layer in such a manner as to form the above-explained diffusion layer in the surface 
of the coated substrate. In addition, the precipitation hardening of the substrate is caused by the heat treatment so that 

10 the hardness of the substrate reaches at least 400 of Vickers hardness. Since the diffusion layer is formed through the 
mutual diffusion between metal elements of the substrate, e.g. , Fe and Cr, and Al of the Al layer, it is possible to provide 
excellent adhesion between the diffusion layer and substrate. When the temperature is less than 450 °C or the keeping 
time is less than 0.5 hours, the mutual diffusion is insufficient to form the diffusion layer, and also it is difficult to achieve 
the precipitation hardening of the substrate. When the temperature is more than 600 °C or the keeping time is more 

15 than 4 hours, the precipitation hardening is excessively proceeded, so that the hardness of the substrate is lowered. 
Therefore, it is preferred that as the heat-treatment temperature is increased between 450 and 600 °C, the keeping time 
is decreased in the range of 0.5 to 4 hours. 

On the other hand, in case of using as the substrate the high carbon stainless steel, the ferrous alloy is made by 
the following method. That is, an Al layer is formed on a surface of the substrate to provide an Al-coated substrate. The 

20 Al-coated substrate is heated at a temperature of 900 to 1 100°C for a keeping time of 15 to 180 seconds, to thereby 
mutually diffuse Al atoms and Fe atoms respectively into the substrate and the Al layer in such a manner as to form the 
above-explained diffusion layer in, the surface of the coated substrate. Subsequently, the coated substrate is cooled 
from the temperature at a cooling rate of 10 °C/sec or more. A quench hardening of the substrate is caused by the cool- 
ing step, so that the hardness of the substrate reaches at least 400 of Vickers hardness. When the cooling rate is less 

25 than 10 °C/sec, the hardness of the substrate can be not improved by the quench hardening. When the temperature is 
less than 900 °C, the effect of the quench hardening is not enough. When the temperature is more than 1 100 °C, or the 
keeping time is more than 180 seconds, the hardness of the diffusion layer or the hardness of the substrate adjacent to 
the diffusion layer is lowered because of a rapid diffusion of Al atoms into the substrate. On the other hand, when the 
keeping time is less than 15 seconds, the mutual diffusion between metal elements of the substrate and Al of the Al 

30 layer is insufficient to form the diffusion layer, rind also the quench hardening is not uniformly performed to the sub- 
strate. Therefore, it is preferred that as the heat-treatment temperature is increased between 900 and 1100 °C, the 
keeping time is decreased in the range of 15 to 180 seconds. 

Example 1 

35 

A high carbon stainless steel sheet having the thickness of 3 mm was used as a substrate. The stainless steel con- 
sists of 13.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. Al layers having the thickness of 45 *im 
were formed on opposite surfaces of the substrate by means of electric-plating to obtain an Al-coated substrate having 
the thickness of 3.09 mm. As listed on Table 1, the Al-coated substrate was heated at 1050 °C for 180 seconds in the 
40 air, and then cooled at the rate of 60 °C/sec to obtain a ferrous alloy of Example 1 . 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 45 um. The vickers hardness of the substrate 
is 600. The surface hardness of the diffusion layer is 900. The hardness was measured under the load of 2 gf. In accord- 
ance with an X-ray diffraction profile obtained through an X-ray diffraction at the outer surface of the diffusion layer, a 
volume ratio (V: vol%) of Al-Fe intermetallic compounds in the diffusion layer was determined by the following equation: 

45 

V (vol%) = 100 x S1 / (S1 + S2) 

where S1 is a total of the peak-areas of ail Al-Fe intermetallic compounds identified on the X-ray profile, and S2 is a 
total of the peak-areas of pure Al, and/or an Al alloy in which Fe mainly forms a solid solution with Al, except for the Al- 
so Fe intermetallic compounds on the X-ray profile. In Example 1 , the volume ratio is 97 vol%. 
In addition, a peak ratio (P: %) was determined by the following equation: 

P(%) = 100xP1/(P1 +P2) 

55 where P1 is a peak height of the main peak (about 43.3°) of Ar-rich intermetallic compounds (AI 2 Fe AI 13 Fe 4l AI 3 Fe 
and/or AI 5 Fe2). and P2 is a peak height of the main peak (about 43.7°) of another Fe-AI intermetallic compounds (AlFe 
and/or AIFe3). In Example 1 , the peak ratio is 40 %. 
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The Al content included within the depth of about 2 nm from the outer surface of the diffusion layer was determined 
by means of X-ray micro analysis. In Example 1, the Al content is 45 % by weight based upon total weight of a region 
of the diffusion layer ranging up to the thickness of about 2 urn. 

The same analysises and measurements as Example 1 were performed in Examples and Comparative Examples 
5 described below. 

Example 2 

A high carbon stainless steel sheet having the thickness of 0.2 mm was used as a substrate. The stainless steel 
10 consists of 13.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al foils were placed on opposite 
surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having Al layers of 20 
urn thickness. As listed on Table 1 . the cladded substrate was heated at 975 °C for 120 seconds in the air, and then 
cooled at the rate of 15 °C/sec to obtain a ferrous alloy of Example 2. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 20 urn. The Vickers hardness of the substrate 
15 is 480. The surface hardness of the diffusion layer is 1020. 

Example 3 

A high carbon stainless steel sheet having the thickness of 0.1 mm was used as a substrate. The stainless steel 
20 consists of 16.5 wt% of Cr, 0.9 wt% of C, 0.4 wt% of Mo, and the balance of Fe. After Al foils having the thickness of 15 
urn were placed on opposite surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded sub- 
strate having the thickness of 0. 12 mm. As listed on Table 1 , the cladded substrate was heated at 1 000 °C for 30 sec- 
onds in the air, and then cooled at the rate of 10 °C/sec to obtain a ferrous alloy of Example 3. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 13 urn. The Vickers hardness of the substrate 
25 is 500. The surface hardness of the diffusion layer is 1 000. 

Example 4 

A high carbon stainless steel sheet having the thickness of 0.2 mm was used as a substrate. The stainless steel 
30 consists of 1 2.5 wt% of Cr, 0.7 wt% of C, and the balance of Fe. After Al foils were placed on opposite surfaces of the 
substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having Al layers of 8 jim thickness. As 
listed on Table 1, the cladded substrate was heated at 900 °C for 180 seconds in the air, and then cooled at the rate of 
30 °C/sec to obtain a ferrous alloy of Example 4. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 8 jim. The Vickers hardness of the substrate 
35 is 420. The surface hardness of the diffusion layer is 1 100. 

Example 5 

A high carbon stainless steel sheet having the thickness of 0.3 mm was used as a substrate. The stainless steel 
40 consists of 14 wt% of Cr, 1 .1 wt% of C, and the balance of Fe. After Al foils were placed on opposite surfaces of the 
substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having Al layers of 15 urn thickness. 
As listed on Table 1 , the cladded substrate was heated at 1 100 °C for 15 seconds in the air, and then cooled at the rate 
of 20 °C/sec to obtain a ferrous alloy of Example 5. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 15 urn. The Vickers hardness of the substrate 
45 is 550. The surface hardness of the diffusion layer is 810. 

Example 6 

A high carbon stainless steel sheet having the thickness of 0.18 mm was used as a substrate. The stainless steel 
so consists of 1 4 wt% of Cr, 1 .0 wt% of C, and the balance of Fe. After Al layers having the thickness of 3 um were formed 
on opposite surfaces of the substrate by a vacuum deposition of Al to obtain an Al-coated substrate. As listed on Table 
1 , the coated substrate was heated at 1 000 °C for 1 5 seconds in a mixture gas of Ar and N 2 . and then cooled at the rate 
of 10 °C/sec to obtain a ferrous alloy of Example 6. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 pm. The Vickers hardness of the substrate 
55 is 550. The surface hardness of the diffusion layer is 700. 
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Example 7 

A high carbon stainless steel sheet having the thickness of 0.15 mm was used as a substrate. The stainless steel 
consists of 1 3.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C and the balance of Fe. After AJ foils were placed on opposite 
s surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having Al layers of 10 
urn thickness. As listed on Table 1, the cladded substrate was heated at 975 °C for 30 seconds in the air, and then 
cooled at the rate of 15 °C/sec to obtain a ferrous alloy of Example 7. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 10 The Vickers hardness of the substrate 
is 500. The surface hardness of the diffusion layer is 1 140. 

w 

Example 8 

A high carbon stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stainless steel 
consists of 1 3.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al foils having the thickness of 6 
15 iim were placed on opposite surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded sub- 
strate. As listed on Table 1, the cladded substrate was heated at 925 °C for 60 seconds in the air, and then cooled at 
the rate of 30 °C/sec to obtain a ferrous alloy of Example 8. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 5 jim. The Vickers hardness of the substrate 
is 450. The surface hardness of the diffusion layer is 1 150. 

20 

Example 9 

A high carbon stainless steel sheet having the thickness of 2 mm was used as a substrate. The stainless steel con- 
sists of 13.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al layers having the thickness of 30 
25 urn were formed on opposite surfaces of the substrate by a vacuum deposition of Al to obtain an Ai-coated substrate. 
As listed on Table 1 , the coated substrate was heated at 11 00 °C for 90 seconds in a mixture gas of Ar and N 2 , and then 
cooled at the rate of 20 °C/sec to obtain a ferrous alloy of Example 9. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 30 urn. The vickers hardness of the substrate 
is 550. The surface hardness of the diffusion layer is 630. 

30 

Example 10 

A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.1 wt% of (C +N), and the balance of Fe. After Al foils having the 
35 thickness of 13 \im were placed on opposite surfaces of the substrate, the substrate with AJ foils was rolled to obtain an 
Al-cladded substrate having the thickness of 0.48 mm. In addition, the cladded substrate was cold-rolled to have the 
thickness of 0.2 mm. As listed on Table 1 , the cladded substrate was then heated at 550 °C for 2 hours in Ar gas to 
obtain a ferrous alloy of Example 10. 

The ferrous alloy has an Fe-AI diffusion layer haying the thickness of 5 \um. The Vickers hardness of the substrate 
40 is 550. The surface hardness of the diffusion layer is 1 1 00. 

Example 11 

A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
45 less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.1 wt% of (C +N), and the balance of Fe. After Al foils having the 
thickness of 9 jim were placed on opposite surfaces of the substrate, the substrate with Al foils was rolled to obtain an 
Al-cladded substrate having the thickness of 0.48 mm. In addition, the cladded substrate was cold-rolled to have the 
thickness of 0.2 mm. As listed on Table 1 , the cladded substrate was then heated at 500 °C for 4 hours in Ar gas to 
obtain a ferrous alloy of Example 1 1 . 
so The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 ^m. The Vickers hardness of the substrate 
is 450. The surface hardness of the diffusion layer is 1 100. 

Example 12 

55 A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.05 wt% of (C +N), and the balance of Fe. After Al foils having the 
thickness of 9 nm were placed on opposite surfaces of the substrate, the substrate with Al foils was rolled to obtain an 
Al-cladded substrate having the thickness of 0.48 mm. In addition, the cladded substrate was cold-rolled to have the 
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thickness of 0.2 mm. As listed on Table 1, the cladded substrate was then heated at 600 °C for 2 hours in Ar gas to 
obtain a ferrous alloy of Example 12. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 urn. The Vickers hardness of the substrate 
is 500. The surface hardness of the diffusion layer is 850. 

5 

Example 13 

A precipitation-hardening stainless steel sheet having the thickness of 1 mm was used as a substrate. The stain- 
less steel consists of 16 wt% of Cr, 4 wt% of Ni, 4 wt% of Cu, and the balance of Fe. A pre-treatment for forming solid 
10 solutions was performed to the substrate at 1 050 °C. After Al foils having the thickness of 6 \ur\ were placed on opposite 
surfaces of the treated substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate. As listed on 
Table 1 , the cladded substrate was heated at 490 °C for 4 hours in the air to obtain a ferrous alloy of Example 13. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 5 ^m. The Vickers hardness of the substrate 
is 400. The surface hardness of the diffusion layer is 1 150. 

15 

Example 14 

A precipitation-hardening stainless steel sheet having the thickness of 0.2 mm was used as a substrate. The stain- 
less steel consists of 17 wt% of Cr, 7 wt% of Ni, 1 wt% of Al, and the balance of Fe. A pre-treatment for forming solid 
20 solutions was performed to the substrate at 1 000 °C. After Al foils having the thickness of 6 jim were placed on opposite 
surfaces of the treated substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate. As listed on 
Table 1 , the cladded substrate was heated at 575 °C for 1 .5 hours in the air to obtain a ferrous alloy of Example 14. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 6 urn. The Vickers hardness of the substrate 
is 400. The surface hardness of the diffusion layer is 1 100. 

25 

Example 15 

A precipitation-hardening stainless steel sheet having the thickness of 0.2 mm was used as a substrate. The stain- 
less steel consists of 17 wt% of Cr, 7 wt% of Ni, 1 wt% of Al, and the balance of Fe. A pre-treatment for forming solid 
30 solutions was performed to the substrate at 1 050 °C. Al layers having the thickness of 3 jim were formed on opposite 
surfaces of the treated substrate by a vacuum deposition of Al to obtain an Al-coated substrate. As listed on Table 1 , 
the coated substrate was heated at 575 °C for 1 .5 hours in the air to obtain a ferrous alloy of Example 15. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 inn. The Vickers hardness of the substrate 
is 410. The surface hardness of the diffusion layer is 950. 

35 

Comparative Example 1 

A high carbon stainless steel sheet having the thickness of 0.15 mm was used as a substrate. The stainless steel 

consists of 13.5 wt% of Cr, 12 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al foils were placed on opposite 
40 surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having the thickness 

of 10 urn. As listed on Table 1 , the cladded substrate was heated at 1 150 °C for 120 seconds in the air, and then cooled 

at the rate of 20 °C/sec to obtain a ferrous alloy of Comparative Example 1 . 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 1 0 urn. The Vickers hardness of the substrate 

is 300. The surface hardness of the diffusion layer is 400. It was identified by an X-ray diffraction analysis that the diffu- 
45 sion layer does not contain Al-rich inter metallic compounds of AI 2 Fe, AI 13 Fe 4 , AI 3 Fe and AI 5 Fe 2 . However, since it was 

identified that the diffusion layer contains another intermetallic compounds of AlFe and AIFe 3 , the volume ratio was 

determined. 

Comparative Example 2 

50 

A high carbon stainless steel sheet having the thickness of 0.18 mm was used as a substrate. The stainless steel 
consists of 13.5 wt% of Cr, 1.2 wt% of Mo, 0.4 wt% of C, and the balance of Fe After Al foils were placed on opposite 
surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-dadded substrate having the thickness 
of 10 urn. As listed on Table 1, the cladded substrate was heated at 850 °C for 60 seconds in the air, and then cooled 
55 at the rate of 30 °C/sec to obtain a ferrous alloy of Comparative Example 2. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 1 0 urn. The Vickers hardness of the substrate 
is 350. The surface hardness of the diffusion layer is 1200. 
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Comparative Example 3 

A high carbon stainless steel sheet having the thickness of 0.15 mm was used as a substrate. The stainless steel 

consists of 13.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al foils were placed on opposite 
5 surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having the thickness 

of 10 pm. As listed on Table 1 , the cladded substrate was heated at 975 °C for 5 seconds in the air, and then cooled at 

the rate of 15 °C/sec to obtain a ferrous alloy of Comparative Example 3. 

The ferrous alloy has an Fe-AJ diffusion layer having the thickness of 10 ^m. The Vlckers hardness of the substrate 

is 350. The surface hardness of the diffusion layer is 350. It was identified by an X-ray diffraction analysis that the drffu- 
10 sion layer does not contain Al-rich intermetallic compounds of AI 2 Fe, AI 13 Fe 4 , AI 3 Fe and AI 5 Fe2. However, since it was 

identified that the diffusion layer contains another intermetallic compounds of AlFe and AIFe 3 , the volume ratio was 

determined. In addition, it was identified that the diffusion layer contains pure Al. 

Comparative Example 4 

15 

A high carbon stainless steel sheet having the thickness of 0.15 mm was used as a substrate. The stainless steel 
consists of 13.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al foils were placed on opposite 
surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having the thickness 
of 1 0 fim. As listed on Table 1 , the cladded substrate was heated at 975 °C for 240 seconds in the air, and then cooled 

20 at the rate of 1 5 °C/sec to obtain a ferrous alloy of Comparative Example 4. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 10 urn. The Vlckers hardness of the substrate 
is 400. The surface hardness of the diffusion layer is 450. It was identified by an X-ray diffraction analysis that the diffu- 
sion layer does not contain Al-rich intermetallic compounds of AI 2 Fe, AI 13 Fe4, AI 3 Fe and AI 5 Fe 2 . However, since it was 
identified that the diffusion layer contains another intermetallic compounds of AlFe and AIFe 3 , the volume ratio was 

25 determined. 

Comparative Example 5 

A high carbon stainless steel sheet having the thickness of 0.15 mm was used as a substrate. The stainless steel 
30 consists of 13.5 wt% of Cr, 1 .2 wt% of Mo, 0.4 wt% of C, and the balance of Fe. After Al foils were placed on opposite 
surfaces of the substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate having the thickness 
of 10 pm. As listed on Table 1 , the cladded substrate was heated at 975 °C for 30 seconds in the air, and then cooled 
at the rate of 3 °C/sec to obtain a ferrous alloy of Comparative Example 5. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 10 jim. The vlckers hardness of the substrate 
35 is 380. The surface hardness of the diffusion layer is 1 150. 

Comparative Example 6 

A high carbon stainless steel sheet having the thickness of 3 mm was used as a substrate. The stainless steel con- 
40 sists of 1 4 wt% of Cr, 0.2 wt% of C, and the balance of Fe. Al layers having the thickness of 60 jim were formed on oppo- 
site surfaces of the substrate by an electric-plating of Al to obtain an Al-coated substrate. As listed on Table 1, the 
coated substrate was heated at 11 00 °C for 150 seconds in the air, and then cooled at the rate of 60 °C/sec to obtain a 
ferrous alloy of Comparative Example 6. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 60 \im. The Vickers hardness of the substrate 
45 is 460. The surface hardness of the diffusion layer is 950. 

Comparative Example 7 

A high carbon stainless steel sheet having the thickness of 0.27 mm was used as a substrate. The stainless steel 
so consists of 9 wt% of Cr, 0.5 wt% of C, and the balance of Fe. Al layers having the thickness of 1 iim were formed on 
opposite surfaces of the substrate by a vacuum deposition of Al to obtain an Al-coated substrate. As listed on Table 1 , 
the coated substrate was heated at 950 °C for 15 seconds in the air, and then cooled at the rate of 10 °C/sec to obtain 
a ferrous alloy of Comparative Example 7. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 1 urn. The vlckers hardness of the substrate 
55 is 450. The surface hardness of the diffusion layer, Al content, peak ratio and volume ratio could not be determined 
because the thickness of the diffusion layer is very thin. 
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Comparative Example 8 

A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.05 wt% of (C +N), and the balance of Fe. The substrate was cold- 
5 rolled to have the thickness of 0.2 mm. Al layers having the thickness of 1 urn were then formed on opposite surfaces 
of the substrate by a vacuum deposition of Al to obtain an Al-coated substrate. As listed on Table 1 , the coated substrate 
was heated at 600 °C for 2 hours in Ar gas to obtain a ferrous alloy of Comparative Example 8. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 1 pm. The Vlckers hardness of the substrate 
is 500. The surface hardness of the diffusion layer, Al content, peak ratio and volume ratio could not be determined 
w because the thickness of the diffusion layer is very thin. 

Comparative Example 9 

A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
is less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.05 wt% of (C +N), and the balance of Fe. After Al foils having the 
thickness of 9 urn were placed on opposite surfaces of the substrate, the substrate with Al foils was cladded to obtain 
an Al-cladded substrate having the thickness of 0.48 mm. In addition, the cladded substrate was cold-rolled to have the 
thickness of 0.2 mm. As listed on Table 1, the cladded substrate was then heated at 600 °C for 0.3 hours in Ar gas to 
obtain a ferrous alloy of Comparative Example 9. 
20 The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 jim. The Vlckers hardness of the substrate 
is 400. The surface hardness of the diffusion layer is 300. It was identified by an X-ray diffraction analysis that the diffu- 
sion layer does not contain Al-rich intermetallic compounds of AI 2 Fe, AI 13 Fe 4 , Al 3 Fe and AI 5 Fe 2 . However, since it was 
identified that the diffusion layer contains another intermetallic compounds of AlFe and AIFe 3 , the volume ratio was 
determined. In addition, it was identified that the diffusion layer contains pure Al. 

25 

Comparative Example 10 

A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.05 wt% of (C +N), and the balance of Fe. After Al foils having the 

30 thickness of 9 were placed on opposite surfaces of the substrate, the substrate with Al foils was cladded to obtain 
an AJ-cladded substrate having the thickness of 0.48 mm. In addition, the cladded substrate was cold-rolled to have the 
thickness of 0.2 mm. As listed on Table 1 , the cladded substrate was then heated at 600 °C for 6 hours in Ar gas to 
obtain a ferrous alloy of Comparative Example 10. 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 jim. The Vlckers hardness of the substrate 

35 is 450. The surface hardness of the diffusion layer is 450. It was identified by an X-ray diffraction analysis that the diffu- 
sion layer does not contain Al-rich intermetallic compounds of AI 2 Fe, AI 13 Fe 4 , AI 3 Fe and AI 5 Fe2- However, since it was 
identified that the diffusion layer contains another intermetallic compounds of AlFe and AIFe 3 , the volume ratio was 
determined. 

40 Comparative Example 1 1 

A precipitation-hardening stainless steel sheet having the thickness of 0.5 mm was used as a substrate. The stain- 
less steel consists of 18 wt% of Cr, 12 wt% of Ni, 0.05 wt% of (C +N), and the balance of Fe. After Al foils having the 
thickness of 9 urn were placed on opposite surfaces of the substrate, the substrate with Al foils was cladded to obtain 
45 an Al-cladded substrate having the thickness of 0.48 mm. In addition, the cladded substrate was cold-rolled to have the 
thickness of 0.2 mm. As listed on Table 1 , the cladded substrate was then heated at 650 °C for 2 hours in Ar gas to 
obtain a ferrous alloy of Comparative Example 1 1 . 

The ferrous alloy has an Fe-AI diffusion layer having the thickness of 3 urn. The Vickers hardness of the substrate 
is 450. The surface hardness of the diffusion layer is 500. 

50 

Comparative Example 12 

A precipitation-hardening stainless steel sheet having the thickness of 1 mm was used as a substrate. The stain- 
less steel consists of 16 wt% of Cr, 4 wt% of Ni, 4 wt% of Cu, and the balance of Fe. A pre-treatment for forming solid 
55 solutions was performed to the substrate at 1 050 °C. After Al foils having the thickness of 6 nm were placed on opposite 
surfaces of the treated substrate, the substrate with Al foils was rolled to obtain an Al-cladded substrate. As listed on 
Table 1 , the cladded substrate was heated at 400 °C for 4 hours in Ar gas to obtain a ferrous alloy of Comparative Exam- 
ple 12. 
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The ferrous alloy has an Fe-AI diffusion layer having the thickness of 5 urn. The Vickers hardness of the substrate 
is 300. The surface hardness of the diffusion layer is 250. It was identified by an X-ray diffraction analysis that the diffu- 
sion layer contains pure Al. 

With respect to Examples 1 to 15 and Comparative Examples 1 to 12, the composition of the substrate and heat- 
5 treatment conditions are listed on Table. 1 . The thickness (\uvi) and Vickers hardness (Hv) of the diffusion layer, Al con- 
tent (wt%) included within a depth of about 2 urn from the outer surface of the diffusion layer, volume ratio (vol%) of Al- 
Fe intermetallic compounds relative to a total volume of the diffusion layer, X-ray peak ratio (%) of the Al-Fe intermetallic 
compounds, and Vickers hardness (Hv) of the substrate are listed on Table 2. 

FIG. 6 shows the relation between the surface hardness (Hv) of the diffusion layer and the Al content (wt%), which 
10 is determined according to the results of the above-explained Examples and Comparative Examples. From the curve of 
FIG. 6, it could be understood that when the Al content is in the range of 35 to 65 wt%, it is possible to obtain the diffu- 
sion layer having a higher hardness between 600 and 1200. On the contrary, when the Al content is less than 35 wt% 
or more than 65 wt%, the hardness of the diffusion layer is considerably lowered. 

In Comparative Example 6, the diffusion layer and the substrate have 950 and 460 of the hardness, respectively. 
is However, when blades for an electric shaver were machined by the use of the ferrous alloy of Comparative Example 6, 
a large number of micro-chippings occurred at the sharp edges of the blades because the thickness of the diffusion 
layer is thick (= 60 jim). 

On the other hand, FIG. 7 shows the relation between the surface hardness (Hv) of the diffusion layer and the peak 
ratio (P %), which is determined according to the results of the above-explained Examples and Comparative Examples. 
20 From the curve of FIG. 7, it could be understood that when the peak ratio is 10 % or more, it is possible to obtain the 
diffusion layer having a high hardness between 600 and 1200. 

Thus, since the ferrous alloy of the present invention can provide a high hardness of the diffusion layer while keep- 
ing the substrate hardness of 400 or more, it will be preferably used for sliding parts such as gears or bearings, and 
blades of electric shavers or hair clippers. 

25 



30 



35 



40 



45 



SO 



55 



11 



2/16/06, EAST Version: 2.0.3.0 



EP 0 743 374 A1 



Table 1 







Substrate 


Heat Treatment 


5 




Composition: wt% 


Temp. (°C) 


Keeping Time 


Cooling Rate (°C/sec) 




Example 1 


Fe-1 3.5Cr-1 .2Mo-0.4C 


1050 


180 sec. 


60 




Example 2 


Fe-1 3.5Cr-1 .2MO-0.4C 


975 


120 sec. 


15 


10 


Example 3 


Fe-1 6.5Cr-0.9C-0.4Mo 


1000 


30 sec. 


10 




Example 4 


Fe-12.5Cr-0.7C 


900 


180 sec. 


30 




Example 5 


Fe-14Cr-1.1C 


1100 


15 sec. 


20 


15 


Example 6 


Fe-14Cr-1.0C 


1000 


15 sec. 


10 


Example 7 


Fe-1 3.5Cr-1 .2MO-0.4C 


975 


30 sec. 


15 




Example 8 


Fe-1 3.5Cr-1 .2MO-0.4C 


925 


60 sec. 


30 




Example 9 


Fe-1 3.5CM .2MO-0.4C 


1100 


90 sec. 


20 


20 


Example 10 


Fe-1 8Cr-12Ni-0. 1 (C+N) 


550 


2hrs. 






Example 11 


Fe-1 8Cr-1 2Ni-0. 1 (C+N) 


500 


4hrs. 






Example 12 


Fe-1 8Cr-1 2Ni-0.05(C+N) 


600 


2 hrs. 




25 


Example 13 


Fe-16Cr-4Ni-4Cu 


490 


4hrs. 




Example 14 


Fe-17Cr-7Ni-1AI 


575 


1.5 hrs. 






Example 15 


Fe-17Cr-7Ni-1AI 


575 


1.5 hrs. 






Comparative Example 1 


Fe-13.5Cr-1 .2Mo-0.4C 


1150 


120 sec. 


20 


30 


Comparative Example 2 


Fe-1 3.5Cr-1 .2MO-0.4C 


850 


60 sec. 


30 




Comparative Example 3 


Fe-1 3.5Cr-1 .2Mo-0.4C 


975 


5 sec. 


15 




Comparative Example 4 


Fe-1 3.5CM .2MO-0.4C 


975 


240 sec. 


15 


35 


Comparative Example 5 


Fe-1 3.5Cr-1 .2Mo-0.4C 


975 


30 sec. 


3 


Comparative Example 6 


re- i4ur-u.tO 


1100 


150 sec. 


60 




Comparative Example 7 


Fe-9Cr-0.5C 


950 


15 sec. 


10 




Comparative Example 8 


Fe-18CM2Ni-0.05(C+N) 


600 


2 hrs. 




40 


Comparative Example 9 


Fe-18Cr-12Ni-0.05(C+N) 


600 


0.3 hrs. 






Comparative Example 10 


Fe-18Cr-12Ni-0.05(C+N) 


600 


6 hrs. 






Comparative Example 1 1 


Fe-18Cr-12Ni-0.05(C+N) 


650 


2 hrs. 




45 


Comparative Example 12 


Fe-16Cr-4Ni-4Cu 


400 


4 hrs. 





50 



55 
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Table 2 







Al-Fe Diffusion Layer 


Substrate 


5 




Thickness (pm) 


Hardness (Hv) 


Al content 
(wt%) 


Volume ratio 
(Vol%) 


Peak ratio (%) 


Hardness (Hv) 




Example 1 


45 


900 


45 


97 


40 


DUU 


10 


Example 2 


20 


1020 


50 


98 


50 




txampie o 


13 


1000 


47 


98 


55 






Example 4 


8 


1100 


54 


100 


75 






txampie o 


15 


810 


43 


95 


25 


*?*?n 


15 


example o 


3 


700 


37 


92 


15 






Example 7 


10 


1140 


62 


100 


90 


ouu 




Example 8 


5 


1150 


59 


100 


80 




20 


example y 


30 


630 


35 


90 


10 


oou 




Example 10 


5 


1100 


55 


100 


70 


550 




Example 1 1 


3 


1100 


52 


100 


65 


450 




Example 12 


3 


850 


42 


95 


30 


500 


25 


Example 13 


5 


1150 


60 


100 


on 
SO 


400 




CActlllpIc I f 


6 


1100 


57 


100 


70 


Ann 




Example 15 


3 


950 


47 


97 


42 


410 


30 


Comparative 
Example 1 


10 


400 


30 


100 


0 


300 




Comparative 
Example 2 


10 


1200 


65 


95 


95 


350 


35 


Comparative 
Example 3 


10 


350 


80 


85 


0 


350 




Comparative 
Example 4 


10 


450 


30 


100 


0 


400 


40 


Comparative 
Example 5 


10 


1150 


62 


100 


90 


380 




Comparative 
Example 6 


60 


950 


45 


97 


40 


460 


45 


Comparative 
Example 7 


1 










450 




Comparative 
Example 8 


1 










500 


50 


Comparative 
Example 9 


3 


300 


70 


85 


0 


400 




Comparative 
Example 10 


3 


450 


30 


100 


0 


450 


55 


Comparative 
Example 1 1 


3 


500 


33 


100 


5 


450 




Comparative 
Example 12 


5 


250 


75 


80 


5 


300 



13 

2/16/06, EAST Version: 2.0.3.0 



EP0743 374A1 



The features disclosed in the foregoing description, in the claims and/or in the accompanying drawings ma/, both 
separately and in any combination thereof, be material for realising the invention in diverse forms thereof. 

5 Claims 

1 . An ferrous alloy having an Fe-AI diffusion layer of improved hardness, said ferrous alloy comprising: 

a substrate of Fe-Cr stainless steel having a Vickers hardness of 400 or more; 
10 said Fe-AI diffusion layer formed on a surface of said substrate; 

wherein said Fe-AI diffusion layer has a thickness of 2 to 50 \im and comprises at least 90 vol% of an inierme- 
tallic compound of Al and Fe relative to a total volume of said diffusion layer; and 

wherein Al content included within a depth of at least 2 of said Fe-AI diffusion layer is 35 to 65 % by weight 
based upon total weight of a region of said Fe-AI diffusion layer ranging up to the thickness of at least said 2 
is urn. 

2. The ferrous alloy as set forth in claim 1 , wherein 

said intermetallic compound contains at least one selected from the group consisting of AI 2 Fe, AI 13 Fe 4 , 
AI 3 Fe and A^Fe^ 

20 

3. The ferrous alloy as set forth in claim 2, wherein 

said diffusion layer includes said intermetallic compound at such an amount that said Fe-AI diffusion layer 
exhibits at least 10 % of a peak ratio which is defined by 100 x P1/(P1 + P2) where P1 is a main peak height for 
said intermetallic compound and P2 is a main peak height for AlFe, and AIFe 3 , said P1 and P2 being observed from 
25 an X-ray diffraction profile obtained through an X-ray diffraction at the outer surface of said diffusion layer. 

4. The ferrous alloy as set forth in claim 1 , wherein 

said Fe-AI diffusion layer has a thickness of 5 to 15 urn. 

30 5. The ferrous alloy as set forth in claim 1 , wherein 

said substrate comprises 66 to 81.9 wt% of Fe. 15 to 20 wt% of Cr, 3 to 13 wt% of Ni, and one element 
selected from 3 to 6 wt% of Cu, 0.5 to 2 wt% of Al, and 0.01 to 0.2 wt% of a total of C and N. 

6. The ferrous alloy as set forth in claim 1 , wherein 

35 said substrate comprises 73 to 89.9 wt% of Fe, 10 to 19 wt% of Cr, 0.1 to 1 .2 wt% of C, and less than 3 wt% 

of Ni. 

7. A method of making an ferrous alloy having an Fe-AI diffusion layer of improved hardness, said method comprising 
the steps of: 

40 

coating an Al surface layer on a substrate to provide a resulting coated substrate, said substrate comprising 66 
to 81 .9 wt% of Fe, 1 5 to 20 wt% of Cr, 3 to 1 3 wt% of Ni, and one element selected from 3 to 6 wt% of Cu, 0.5 
to 2 wt%of Al, and 0.01 to 0.2 wt% of a total of C and N; 

heating said coated substrate at a temperature of 450 to 600°C for 0.5 to 4 hours, thereby giving a vickers 
45 hardness of 400 or more to said substrate, and at the same time mutually diffusing aluminum atoms and iron 

atoms respectively into said substrate and said Al layer in such a manner as to form in the surface of said 
coated substrate said Fe-AI alloy surface layer which has a thickness of 2 to 50 urn and comprises at least 90 
vol% of an intermetallic compound of Al and Fe relative to a total volume of said diffusion layer. 

so 8. A method of making an ferrous alloy having an Fe-AI diffusion layer of improved hardness, said method comprising 
the steps of: 

coating an Al surface layer on a substrate to provide a resulting coated substrate, said substrate comprising 73 
to89.9wt%of Fe, 10to 19wt%of Cr,0.1 to 1.2wt%of C, and less than 3 wt% of Ni; 
55 beating said coated substrate at a temperature of 900 to 1 1 00°C for 15 to 180 seconds, thereby mutually dif- 

fusing aluminum atoms and iron atoms respectively into said substrate and said Al layer in such a manner as 
to form in the surface of said coated substrate said Fe-AI alloy surface layer which has a thickness of 2 to 50 
urn and comprises at least 90 vol% of an intermetallic compound of Al and Fe relative to a total volume of said 
diffusion layer. 



14 



2/16/06, EAST Version: 2.0.3.0 



EP0 743374A1 

cooling said coated substrate from said temperature at a rate of 10 °C per second or more to give a Vickers 
hardness of 400 or more to said substrate. 
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